In the present study, we investigated the structure and selected functional properties of zein protein as treated with subcritical water. The results showed that subcritical water treatment, with different time (20-120 min) and temperatures (110-170°C), increased the solubility, foam capacity, and foam stability of zein protein significantly (p < 0.05). Analyses of particle size analysis, differential scanning calorimetry, circular dichroism spectra, scanning electron microscopy, and atomic force microscopy indicated that subcritical water treatment improved the thermal stability and the denaturation temperature of zein protein, as well as increased slightly in the percentage of ordered structural elements within the protein molecule. In addition, the particle size of zein protein increased and the surface became rough significantly. All these suggested that subcritical water is a potential green chemical, which could highly be used to change the structure and improve the functional properties of zein protein.
Introduction
Subcritical water is defined as hot water which has a temperature range between 100°C and 374°C, which is under high pressure to keep water in a liquid state. Dielectric constant may be the most important factor when using water as an extraction solvent, which can be changed by temperature and decreased from 80 (at room temperature) to 27 (at 250°C) and it becomes similar to that of ethanol at ambient temperature. [1, 2] Subcritical water treatment is a green, environmentally friendly technology with a large range of applications, which include extraction, hydrolysis, and wet oxidation of organic compounds, etc. [3] [4] [5] [6] [7] [8] [9] Thus, subcritical water can replace the organic solvent which can't be accepted by environmental factors and can extract organic compounds. In recent years, subcritical water has attracted researchers' attention on hydrolysis and conversion of biomass and carbohydrates to useful compounds extensively. [10] [11] [12] [13] [14] [15] [16] Subcritical water has a strong ability to dissolve compounds and also could modify the molecules and change its structure and functional properties. [17] The functional properties of protein (emulsification, foam ability and flavor, water holding capacity, etc.) are related to its structure, composition of amino acids, protein sequence, conformation, molecular shape and size, charge distribution, and intramolecular and intermolecular bonding effect. However, lack of structure or composition of some proteins leads to the failure of some function to express normally. Therefore, the modification of proteins is an important way to improve the practical value of proteins.
At present, a large number of studies have been carried out on the modification of biological macromolecules by using subcritical water. For example, subcritical water treatment had much enhanced rutin-combined capacity of soybean protein isolate (SPI) than that of conventional methods. [18] Remarkable improvement of emulsifying ability and physical stability of emulsion by subcritical water treatment was probably associated with higher surface protein loads. [19] Subcritical water treatment could significantly enhance the emulsifying and foaming properties and solubility of SPI and could modify the structure of SPI, [20] which demonstrated that the subcritical water pretreatment could change the structure and improve the functional properties of SPI.
As we all know, zein is the major storage protein in maize, which accounts for 50% or more of the total endospermic proteins, and is an economically important by-product of the corn starch industry. [21] Zein is hydrophobic and insoluble in water, and even low salt concentrations; thus, ethanol at high concentrations (60-95%) is required to maintain its molecular conformation. [22, 23] Therefore, zein has not been widely applied for the food industry as a functional and nutritional food ingredient, mainly due to its hydrophobic amino acid content and many sulfur-containing amino acids, and its deficiencies in essential and polar amino acids. [24] Most of the previous studies focused on the extraction of active substances by subcritical water. [4, [25] [26] [27] Fewer studies have investigated the effects of subcritical water pretreatment on the functional properties of food proteins. Some studies have shown that subcritical water pretreatment could change the secondary and advanced structure of proteins. [7] However, the influence of subcritical water pretreatment on the structure and properties of zein still requires further study. Therefore, the main objective of our study was to investigate the effects of the subcritical water pretreatment on the structure and properties of zein protein with variations in the treatment time (20-120 min) and temperatures (110-170°C).
Materials and methods

Materials
Zein sample (>98% pure) was purchased from Gaoyou Ruixing Garmaceutical Adjuvant Co. (Yangzhou, China). All other solvents and chemicals were analytical grade and were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Subcritical water treatment of zein
The batch reactor used a high pressure-resistant vessel made from stainless steel with a net volume of 50 mL. The temperature was monitored and controlled by using an aluminum block heater equipped with a temperature controller and a type-K thermocouple. The pressure inside the vessel varied corresponding to the saturated vapor pressure of water at specific treatment temperature.
Zein protein (0.5 g) was mixed with distilled water (30 mL) in the vessel, the temperature of solution was controlled at 25 ± 2°C through the water bath, and the vessel was tightly closed and heated at the desired temperature. Treatment time and temperature are the two most important parameters of subcritical water treatment. In our study, the heat treatment time was controlled in 20 min with 110°C, 130°C, 150°C, and 170°C, and carried out for durations of 20, 40, 60, 80, 100, and 120 min at 120°C. When reaching the setting time, the vessel was cooled immediately with running tap water to stop the reaction. After the specified time and temperatures, the zein samples were centrifuged at 2,500 g and 20°C for 20 min. The pretreated zein samples were collected and freeze-dried (Freeze dryer ALPHA 1-2, Martin Christ GmbH, Osterode, Germany). Then the samples were measured by particle size analysis (PSA), differential scanning calorimetry (DSC), circular dichroism spectra (CD), scanning electron microscopy (SEM), and atomic force microscopy (AFM). Control sample without subcritical water treatment was also investigated for comparison.
Solubility of zein protein
After subcritical water treatment as described earlier, the samples were centrifuged at 8,000 g for 20 min at room temperature. The protein concentration of the supernatant was measured by the Folin phenol method, [28] and with bovine serum albumin (BSA) as the standard protein.
Particle size determination
The particle size of zein proteins in 2% in aqueous ethanol (70% v/v) was measured at room temperature by laser light scattering with a Mastersizer 2000 instrument (Malvern instruments, Malvern, UK).
Foam capacity and foam stability
Foam capacity (FC) and foam stability (FS) of the zein protein were determined by a previously described method [29] with minor modifications. Zein protein weighing 0.5 g is dissolved in 20 mL distilled water and homogenized using a high speed scattering machine (ULTRA-TURRAX, IKA T18 basic; Staufen, Germany) at 12,000 g for 1 min. Then, the blend is immediately transferred to a 50-mL graduated cylinder. The volume was recorded before and after whipping and measured as the percent of volume increase due to whipping. Changes in foam volume were recorded at 30 min of storage. The FC (% volume) and FS (% volume) of each zein protein suspension were calculated using the following formula:
where V1 is the volume of the suspension (mL) before stirring, V2 is the volume of the suspension (mL) after stirring, and V3 is the volume of the stirred suspension (mL) after it was allowed to stand.
DSC analysis of zein
DSC analyses of zein proteins were carried out on an STA-449C Jupiter thermo-microbalance (Netzsch, Selb, Germany). The programmed heating temperature range was from room temperature to 200°C at the heating rate of 10°C/min under nitrogen atmosphere. Measurements were performed on samples 3-6 mg using an aluminum pan crucible. Zein samples were centrifuged at 2,500 g for 10 min at 20°C. Finally, the zein samples were collected and freeze-dried (ALPHA 1-2). An empty Al pan was used as a reference.
CD analysis of zein
CD spectra were recorded with a spectropolarimeter (Model JASCO J-815, JASCO Corporation, Tokyo, Japan) using a quartz cuvette with a 1-mm optical path length at room temperature (25 ± 1°C). CD spectra were scanned in the far UV range (250-190 nm) with three replicates at 50 nm/min, using a 1.0-nm bandwidth. The content of the protein secondary structure was calculated from the far-UV CD spectra using the Dichro-Web procedure. [30] [31] [32] Aqueous ethanol (60% v/v), used to dissolve the zein samples, was also considered as the blank solution for the samples.
Scanning electron microscopy
A thin-layer sample granule was mounted on the copper sample holder with a double-sided carbon tape and then coated with gold (10 nm thick) to make the sample conductive. SEM was conducted with a SEM (JSM-7001F, JEOL. Tokyo. Japan) at an acceleration voltage of 15 kV.
Atomic force microscopy
AFM measurements were performed using a method described by Guo et al. [33] A NanoScopellla (Digital instruments Inc., New York, USA) was used to investigate the surface morphology of fibers. The images were scanned in tapping mode in air using commercial silicon cantilevers (Digital Instruments Inc.) with a resonance frequency of 320 kHz.
Statistical analysis
All measurements were carried out in triplicate. Analysis of variance was performed to compare the effects of subcritical water under the significant level of p < 0.05. All graphs and tables were created and calculations were performed using Origin 2016 and Microsoft Office Excel 2007, respectively.
Results and discussion
Effect of subcritical water treatment on the solubility of zein protein
In the present study, we found that subcritical water treatment parameters, time and temperature, have dramatic effects on the solubility of zein protein. As shown in Fig. 1a , compared with the control, the solubility of zein protein increased significantly (p <0.05) with the time (20-120 min) increasing and showed a upward tendency. Higher temperature (110-170°C) also significantly (p<0.05) improved the solubility of zein protein, especially the temperature of 110°C (Fig. 1b) . However, further increased temperature induced degradation of zein solubility. Interestingly, the solubility decreased rapidly at 130°C, and then increased much higher than that of 130°C at 150°C, which might relate to the zein protein aggregation started at 130°C. The solubility increased again at 150°C due to the degradation of Zein proteins. Similar findings were also reported by other authors. [33, 34] Effect of subcritical water treatment on molecular particle size of zein protein
To verify if there is a relation between the solubility and the particle size distribution of zein protein (2% in 70% aqueous ethanol), we determined the molecular particle size of zein. As shown in Fig. 2a , the particle size of zein significantly increased with the temperature varying from 110°C to 170°C, which suggested that some small aggregates may have been formed. This result was consistent with the finding of Pu et al., [35] who found an increase in beclomethasone dipropionate particle size with subcritical water treatment at temperature (120-150°C) and the probability of particle collision increased drastically with increased temperature, leading to the aggregation and formation of large particles. In addition (Fig. 2b) , the particle size was also increased with the increasing treatment time (20-120 min), indicating that the agglomeration phenomenon occurred with the time prolonging. This phenomenon was consistent with the discovery of Chen et al., [18] who found that after subcritical water treatment, the larger aggregates emerged which hindered the effects due to their low diffusion coefficient.
Effect of subcritical water treatment on the FC and FS of zein protein
Foaming activity is a measurement of ability of liquid to create foam after aeration. Proteins can help forming the foam because of their surface-active property. FC and FS of the zein proteins are provided in Figure 2 . Effect of subcritical water treatment on molecular particle size of zein protein. Table 1 , it is found that the structure of the zein protein was excessively destroyed with higher temperature, which adversely affected FC and FS. Thus, higher subcritical water temperature pretreatment should be avoided as it leads to undesirable property changes. Our result was consistent with Khuwijitjaru et al., [36] which suggested that increasing treatment time and temperatures raised the rice bran foaming activity with different subcritical water conditions.
Effect of subcritical water treatment on the DSC curves of zein protein
The transition of protein from control to a denatured conformation is accompanied by the crack of inter-and intramolecular bond, and the process has to occur in a cooperative manner to be discerned by DSC.
[37] Therefore, we used DSC to measure the bond strength and the thermal behavior of zein with different pretreatments, by which the thermally induced detectable process of protein molecule was structural melting or unfolding.
Figs. 3a and 3b showed that the thermograms of DSC on samples heated from room temperature to 200°C and showed a single broad exothermic transition between 57°C and 70°C that corresponded to the unfolding of the protein molecules. The denaturation temperature of all samples was calculated by using the thermal scans. DSC analysis showed that the denaturation temperature of control sample was 58.5°C. The different denaturation temperatures of subcritical water pretreated samples were 62.1°C, 61.1°C, 62.1°C, 69.7°C, 62.0°C, and 62.1°C, respectively. The denaturation temperature increased from 58.5°C to 66.2°C, 62.0°C, 61.6°C, and 66.1°C with different pretreated temperatures, respectively. The denaturation temperature increased by the pretreated temperatures and time, indicating that the bond strength and, in turn, the degree of cross-linking increased with the increase of pretreated temperatures and time. DSC results suggested that the subcritical water pretreated samples showed a favorable thermal stability, with a high thermal denaturation temperature. Some similar results have been reported in the literature, the DSC spectra of native BSA (as a control) and PBSA prepared at different temperatures, typically, Native BSA had a transition temperature at 64°C. In the case of PBSA, the transition temperatures were 66°C, 77°C, 78°C, and 85.5°C for samples synthesized at 200°C, 250°C, 275°C, and 300°C, respectively. [38] The results showed that the thermal stability of the samples treated by subcritical water treatment had been significantly improved. Thus, the variations in the depth of the DSC profiles suggested that subcritical water altered the thermal behavior of zein. The increase of thermal stability means that zein is more stable and provides the basis for the expression of some functional properties.
Effect of subcritical treatment on the CD spectra of zein CD spectroscopy was used to study the structural properties of protein at secondary folding level. The results of far-UV CD spectra (190-260 nm) were presented in Figs. 3c and 3d . The results showed there were a positive peak at 195 nm and two negative peaks at 208 and 222 nm, indicating the existence of α-helical secondary structure. The absorption peak reflects the content of α-helix, but the change of absorption intensity of positive and negative peak of zein protein with subcritical water pretreatment is irregular. But this still provides some evidence of successive changes in the secondary structure of zein protein.
The content of α-helix, β-sheet, β-turn, and random coil of zein protein were calculated by DichroWeb procedure (Tables 2 and 3) , and the data showed some increases in the percentage of α-helix. Different pretreated time and temperatures resulted in irregularity in the percentage of β-sheet, β-turn, and random coils. Our results were in agreement with the study that reported the effect of subcritical water treatment on the secondary structure of soybean protein solutions using CD spectra. [39] Effect of subcritical water pretreatment on the physical structure of zein SEM is mainly used to observe the surface morphology of the samples with two electronic signal imaging, using extreme narrow electron beam to scan the samples, exert various effects through the interaction between the electron beam and the sample, which is two times the electron emission of samples.
The size of zein is heterogeneous; the diameter ranges from as small as micrometer to as big as millimeter. There were significant differences in diameter between untreated zein and subcritical water treated zein (Fig. 4) . Compared with the smooth surface of the untreated sample, the surface of subcritical water treated samples became rough and their specific surface area was larger. Fig. 4a showed that the surface of the untreated sample was smooth. However, with the treated time increasing, the surface of the samples treated by subcritical water became rougher (Figs. 4b-4d ). For subcritical water pretreated zein with different temperatures, the surface not only became rough but also appeared some small micro-holes (highlighted by black rings in the Figs. 4e and 4f ). This phenomenon became more and more obvious with the increase of temperature, which was similar to that of reported literature. [40] In order to better identify the difference between the surfaces of the zein samples, AFM measurements were also carried out. When the AFM scans the sample, the information of the force distribution can be obtained from the change of sensor detector, so as to obtain the information of surface morphology and surface roughness.
The structural appearance of the untreated zein showed a dense network structure composed of many doughnut-like structures (highlighted by black rings in Fig. 5a ), which was related to the film-formation of zein. [41] With the extension of time, the network structure of zein was gradually opened. From the top point of view, the surface of the sample became a dispersed sphere. Moreover, zein particles became more and more large, which was consistent with the determination of particle size of zein (Figs. 5b-5d ). At the same time, the network structure of zein protein was also opened with the increase of heating temperature (Figs. 5e and 5f ). Also, the particle size of zein protein became larger and larger, which was also consistent with our previous conclusions. 
Conclusion
The subcritical water treatment was an effective method to improve structural and functional properties of zein protein. Compared with the untreated zein samples, solubility, FC, and FS were increased by subcritical water pretreatment. PSA, DSC, CD, SEM, and AFM analysis showed that subcritical water treatment not only improved the mean particle size, thermal stability, and the denaturation temperature of zein protein but also slightly increased the percentage of ordered structural elements within the protein molecule. The surface of zein became rough significantly. These findings may be relevant information to think over when attempting to use subcritical water pretreatment for the improvement of functional properties.
